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Abstract
Background: Corals are notoriously difficult to identify at the species-level due to few diagnostic
characters and variable skeletal morphology. This 'coral species problem' is an impediment to
understanding the evolution and biodiversity of this important and threatened group of organisms.
We examined the evolution of the nuclear ribosomal internal transcribed spacer (ITS) and
mitochondrial markers (COI, putative control region) in Porites, one of the most taxonomically
challenging and ecologically important genera of reef-building corals.
Results: Nuclear and mitochondrial markers were congruent, clearly resolving many traditionally
recognized species; however, branching and mounding varieties were genetically indistinguishable
within at least two clades, and specimens matching the description of 'Porites lutea' sorted into three
genetically divergent groups. Corallite-level features were generally concordant with genetic
groups, although hyper-variability in one group (Clade I) overlapped and obscured several others,
and Synarea (previously thought to be a separate subgenus) was closely related to congeners
despite its unique morphology. Scanning electron microscopy revealed subtle differences between
genetic groups that may have been overlooked previously as taxonomic characters.
Conclusion: This study demonstrates that the coral skeleton can be remarkably evolutionarily
plastic, which may explain some taxonomic difficulties, and obscure underlying patterns of
endemism and diversity.
Background
Coral species are notoriously difficult to identify, which is
an impediment to understanding their ecology, evolu-
tion, and biodiversity. Coral species descriptions are tradi-
tionally based solely on skeletal morphology, which is
known to exhibit variation unrelated to reproductive iso-
lation or evolutionary divergence [1-3]. Coral skeletal
morphology can be remarkably phenotypically plastic,
responding to a wide variety of parameters such as light,
sedimentation, water motion, water chemistry, and eco-
logical interactions [2,4]. Adding to taxonomic confusion,
the conceptual nature of the coral species is a subject of
intense debate, particularly regarding the permeability of
reproductive boundaries between morphological 'spe-
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cies'. Molecular tools are clearly needed to delineate spe-
cies boundaries, and to reveal patterns of their evolution
and biodiversity. However, molecular studies have met
with considerable technical challenges, and fueled addi-
tional controversy over the extent and evolutionary signif-
icance of hybridization between species [4-6].
Mitochondrial DNA is one the most widely used and
informative molecular markers in Metazoa; however, the
Anthozoan mitochondrial genome evolves unusually
slowly, providing little phylogenetic resolution at or
below the family or genus level [7,8]. The nuclear ribos-
omal ITS region (a portion of the ribosomal cistron con-
sisting of two rapidly evolving internal transcribed spacers
and the 5.8S gene) is among the most widely used molec-
ular markers for species-level studies in plants [9], fungi
[10], and corals [11-29]. Despite wide use of the ITS
region, the multi-copy marker presents challenges, partic-
ularly when disparate variants are found within a single
genome. Highly divergent ITS copies are thought to be
found exclusively within organisms that have a history of
hybridization between disparate parents [30,31], and the
thousands of copies in a typical Eukaryotic genome are
thought to be homogenized by recombinant processes
(concerted evolution) in frequently interbreeding groups
[32,33].
Alvarez & Wendel [9] and Vollmer & Palumbi [34] cau-
tioned however that it is difficult to distinguish between
introgression from hybridization and incomplete lineage
sorting of ancestral polymorphisms. Vollmer & Palumbi
[34] argued against using the ITS region in corals alto-
gether based on observations in Acropora, a genus with
many species that are known to hybridize [6,35]. How-
ever, Acropora contains the highest known levels of ITS
intra-genomic variation observed in Metazoa [13] from
pseudogenes originating from an ancient hybridization
event [24]. A broad survey of ITS intra-genomic variation
in corals showed that problematic variation was a rare
exception found only in Acropora and not as a general rule
in other coral taxa [29]. ITS intra-genomic variation is low
in Porites and the phylogenetic signal is strong relative to
noise from alignment ambiguities, which may be reduced
with increased taxonomic sampling [21,23].
The majority of species-level phylogenetic studies on cor-
als failed to resolve closely related morphospecies, which
has fueled debate about the nature of the coral species,
and raised questions about the evolution of the most
widely used molecular markers. The present study exam-
ines congeneric species across a range of evolutionary
divergences with comparatively broad taxonomic sam-
pling to determine if skeletal morphology is evolutionar-
ily constrained or labile. We explore patterns of evolution
and biodiversity in Porites with both the ITS region and
mitochondrial markers (cytochrome c oxidase subunit I
and the 'putative control region').
Porites provides an excellent example of the 'species prob-
lem' in corals [36], where highly variable morphology
defies classification into discrete species groups. Porites
provide a major structural component of coral reefs
worldwide and are among the most ecologically impor-
tant (in terms of abundance, global distribution, and vari-
ety of habitats occupied) yet taxonomically challenging
genera of reef building coral.
Results
Three hundred and seven ITS region sequences from 91
individual coral colonies were aligned and compared
(Table 1). Redundant (99% identical or higher) ITS region
sequences within each individual were omitted from the
alignments, leaving 188 sequences for phylogenetic anal-
ysis. The non-gap coded ITS alignment was 895 sites long,
with 440 variable and 317 parsimony informative sites.
Coding gaps resulted in no major changes in topology,
but resulted in slightly higher clade support values for
some deeper nodes (not shown). Pair-wise nucleotide dis-
tance between sequences within individual colonies was
uniformly low (mean intra-genomic distance = 0.005 ±
0.001 SE). Pair-wise nucleotide distance between individ-
uals within significant clades (mean intra-specific dis-
tance = 0.009 ± 0.002 SE), was an order of magnitude
lower than the distance between significant clades (mean
inter-specific distance = 0.118 ± 0.005 SE).
ITS phylograms supported traditional species designa-
tions, with the exception of four Pacific clades: I, II, III and
V (Figure 1). Branching and mounding morphospecies
were genetically indistinguishable within these clades, yet
deep genetic differences were observed in corals with very
similar colony morphology and corallite appearance.
Clade I contained both branching and mounding mor-
phospecies collected across a broad geographic range
(Caribbean, Eastern Pacific, Hawaii, Indo-West Pacific).
Branching morphospecies (P. cylindrica, P. compressa, P.
duerdeni, and P. annae) were genetically indistinguishable
from each other, and from mounding morphospecies (P.
lobata, and P. solida).  P. compressa and  P. duerdeni are
thought to be endemic to Hawaii [37], yet they exhibited
no fixed differences from other samples in Clade I. Both
colony and corallite-level characters appeared highly vari-
able within this clade. Corallite-level characters such as
number or size of pali, free or fused triplets (see [4] for an
illustration of taxonomic characters) were highly variable,
often within the same colony, although all Clade I speci-
mens tended to have relatively high corallite walls (Figure
2). Clade I exhibited morphological variation that often
overlapped and obscured Clades II, and V. Clade I coral-
lite appearance ranged from P. solida-like (large deep calyx,BMC Evolutionary Biology 2009, 9:45 http://www.biomedcentral.com/1471-2148/9/45
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Table 1: Table of samples collected and GenBank Accession numbers
Genbank Accession Number
Code Identification Location Collector C D ITS mtCOI mtCR
a1 p. lobata Australia M. Takabayashi 4 AY320310–AY320312
a2 P. lobata Australia M. Takabayashi 3 AY320306–AY320309
acl P. lutea Taiwan A. Chen, J. Veron 1 FJ416498
as17 P. lobata American Samoa D. Barshis 10 FJ416499–FJ416502
as18 P. solida American Samoa D. Barshis 3 FJ416503–FJ416504 FJ423962 FJ427364
as23 P. sp2 American Samoa C. Birkeland 1 FJ416505
as29 P. lichen American Samoa C. Birkeland 2 FJ416506–FJ416507 FJ423963 FJ427365
as30 P. lichen American Samoa C. Birkeland 5 FJ416508–FJ416512 FJ423987 FJ427389
as31 P. annae American Samoa C. Birkeland 3 FJ416513–FJ416515 FJ423964 FJ427366
as32 P. annae American Samoa C. Birkeland 3 FJ416516–FJ416518 FJ423965 FJ427367
as35 P. sp2 American Samoa C. Birkeland 4 FJ416519–FJ416522 FJ423966 FJ427368
as36 P. lutea American Samoa C. Birkeland 4 FJ416523–FJ416526 FJ423967 FJ427369
as43 P. cylindrica American Samoa T. Oliver 5 FJ416527 FJ423968 FJ427370
asb1 P. sp2 American Samoa D. Barshis 2 FJ416528
asb11 P. sp2 American Samoa D. Barshis 10 FJ416529–FJ416532
asb12 P. lutea American Samoa D. Barshis 2 FJ416533–FJ416534
asb13 P. lutea American Samoa D. Barshis 3 FJ416535–FJ416537
asb14 P. solida American Samoa D. Barshis 11 FJ416538
asb15 P. solida American Samoa D. Barshis 8 FJ416539
asb16 P. solida American Samoa D. Barshis 4 FJ416540
asb17 P. solida American Samoa D. Barshis 12 FJ416541
asb3 P. lutea American Samoa D. Barshis 10 FJ416542–FJ416543
asb4 P. lutea American Samoa D. Barshis 7 FJ416544–FJ416545
asb5 P. lutea American Samoa D. Barshis 9 FJ416546–FJ416547
asb6 P. lutea American Samoa D. Barshis 7 FJ416548–FJ416549
asb7 P. lutea American Samoa D. Barshis 8 FJ416550–FJ416552
asb8 P. lutea American Samoa D. Barshis 8 FJ416553–FJ416554
asb9 P. cylindrica American Samoa D. Barshis 10 FJ416555–FJ416556
b6 P. astreoides Belize G. Wellington 3 AY458024–AY458026
bj2 P. sverdrupi Baja California B. Victor 2 AY458047–AY458048
bj4 P. sverdrupi Baja California B. Victor 2 AY458049–AY458050
bj7 P. sverdrupi Baja California B. Victor 3 AY458051–AY458053
br1 P. astreoides Brazil E. Neves 3 AY458027–AY458029
br4 P. astreoides Brazil E. Neves, R. Johnsson 2 AY458030–AY458031
br6 P. astreoides Brazil E. Neves 2 1 AY458035–AY458036 FJ423961 FJ427363
cit P. compressa Hawaii, Oahu Z. Forsman, C. Hunter 1 FJ416557 FJ423970 FJ427372
colP1 P. colonensis Panama, Caribbean J. Mate, H. Guzman 2 AY458060–AY458061
colP3 P. colonensis Panama, Caribbean J. Mate, H. Guzman 2 AY458062–AY458063 FJ423972 FJ427374
dk2 P. duerdeni Hawaii, Oahu C. Hunter, J. Maragos 1 FJ416558
e121 P. lobata Easter Island G. Wellington 1 AY320305
e20 P. lobata Easter Island G. Wellington 3 AY320296–AY320298
e47 P. lobata Easter Island G. Wellington 3 AY320299–AY320301 FJ423973 FJ427375
e48 P. lobata Easter Island G. Wellington 3 AY320302–AY320304 FJ423974 FJ427376
fg1 P. astreoides Gulf of Mexico T. Shearer 3 1 AY458021–AY458023
fj4 P. lobata Fiji G. Wellington 3 AY320346–AY320348
fj6 P. lobata Fiji G. Wellington 2 AY320349–AY320350
fj7 P. lobata Fiji G. Wellington 2 AY320351–AY320352
g3 P. lobata Galapagos Z. Forsman, G. Wellington 5 AY320331–AY320336
g66 P. lobata Galapagos Z. Forsman, G. Wellington 3 AY320337–AY320339
g7 P. lobata Galapagos Z. Forsman, G. Wellington 3 AY320340–AY320342
g8 P. lobata Galapagos Z. Forsman, G. Wellington 3 AY320343–AY320345
hm100 P. evermanni Hawaii, Maui Z. Forsman, D. Fenner 5 FJ416559–FJ416563
hm99 P. lobata Hawaii, Maui Z. Forsman, D. Fenner 2 FJ416579
hm19 P. annae Hawaii, Maui Z. Forsman, D. Fenner 3 1 FJ416564–FJ416565 FJ423975 FJ427377
hm20 P. hawaiiensis Hawaii, Maui Z. Forsman, D. Fenner 6 FJ416566–FJ416571 FJ423981 FJ427383
hm28 P. duerdeni Hawaii, Maui Z. Forsman, D. Fenner 1 FJ416572 FJ423976 FJ427378
hm29 P. duerdeni Hawaii, Maui Z. Forsman, D. Fenner 1 FJ416573 FJ423977 FJ427379
hm35 P. solida Hawaii, Maui Z. Forsman, D. Fenner 1 FJ416574 FJ423978 FJ427380BMC Evolutionary Biology 2009, 9:45 http://www.biomedcentral.com/1471-2148/9/45
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short pali, free triplet) to P. lutea-like (shallow calyx, tall
pali, fused triplet) at opposite ends of a spectrum with P.
lobata-like morphology as an intermediate.
Clade II also contained a mixture of branching and
mounding corals (mounding P. evermanni from Hawaii,
P. sp from Panama, and branching P. annae from Samoa
and Hawaii). P. evermanni is either thought to be a Hawai-
ian endemic [4], or a synonym of P. lutea [37]. P. ever-
manni  was genetically indistinguishable and
morphologically very similar to P. sp from Panama, and
genetically indistinguishable from the branching Samoan
P. annae, yet it was deeply divergent from P. lutea from
Samoa (Clade V). Traditional corallite-level characters in
Clade II were similar to some individuals in the highly
variable Clade I; however, scanning electron microscopy
revealed subtle differences between Clade II and other
clades; walls, denticles, pali, and columella tended to have
similar height, with more evenly spaced and deeper inter-
stitial holes (Figure 2).
Clade III contained P. monticulosa and P. rus, which are so
distinct at the corallite level that they have been consid-
ered to belong to a separate subgenus (Synarea). Clade III
was, unexpectedly, a closely related sister group to Clade
II. Clade IV contained P. brighami (only one individual), a
species that forms small (< 10 centimeters diameter) gray
colonies with deep funnel-like calices. Clade V consisted
primarily of P. lutea from Samoa (including an extremely
large colony, approximately 19 m in diameter) and an
individual identified as P. lobata that was genetically dis-
tinct from other Clade V individuals. Clade VI consisted of
P. sp2, a putative new species that forms small colonies
with stout small branches and shallow calices. Clade VII
contained two sub-clades of P. astreoides; one contained
individuals from Belize, the Gulf of Mexico, and Brazil,
while the other contained individuals from Brazil and
Panama. Clade VIII contained P. lichen from Samoa, with
two divergent ITS sequence types with one intermediate
(possibly recombinant) sequence. Clade IX consisted of P.
hawaiiensis (which is referred to as P.cf.bernardi by Fenner
[37]), a brooding species with crawling larvae (pers. obs.)
that forms very small (< 10 centimeters in diameter)
encrusting colonies. Clade X contained a monophyletic
group of P. divaricata from Belize, nested within P. furcata
from Panama (NJ trees, not shown, show weakly sup-
hm54 P. hawaiiensis Hawaii, Maui Z. Forsman, D. Fenner 1 FJ416575 FJ423979 FJ427381
hm55 P. rus Hawaii, Maui P. Reath, D. Fenner 1 FJ416576 FJ423980 FJ427382
hm56 P. brighami Hawaii, Maui P. Reath, D. Fenner 1 FJ416577
hm6 P. monticulosa Hawaii, Maui P. Reath, D. Fenner 1 FJ416578
l13 P. compressa Hawaii, Oahu Z. Forsman 1 FJ416580
l2 P. compressa Hawaii, Oahu Z. Forsman 1 FJ416581 FJ423971 FJ427373
l3 P. compressa Hawaii, Oahu Z. Forsman 3 1 FJ416582 FJ423982 FJ427384
l4 P. lobata Hawaii, Oahu Z. Forsman 3 1 FJ416583–FJ416585 FJ423983 FJ427385
l5 P. evermanni Hawaii, Oahu Z. Forsman 1 FJ416586 FJ423984 FJ427386
l6 P. evermanni Hawaii, Oahu Z. Forsman 4 1 FJ416587–FJ416590 FJ423985 FJ427387
l7 P. annae Hawaii, Oahu Z. Forsman 1 FJ416591 FJ423986 FJ427388
l9 P. compressa Hawaii, Oahu Z. Forsman 1 FJ416592
p1 P. furcata Panama, Caribbean C. Guevara 3 AY458044–AY458046 FJ423988 FJ427390
p10 P. astreoides Panama, Caribbean C. Guevara 2 AY458033–AY458034
p2 P. astreoides Panama, Caribbean C. Guevara 1 AY458032 FJ423989 FJ427391
pan75 P. panamensis Panama, Pacific J. Mate, H. Guzman 3 AY458054–AY458056 FJ423990 FJ427392
pb4 P. divaricata Belize G. Wellington 3 AY458041–AY458043 FJ423969 FJ427371
pb7 P. divaricata Belize G. Wellington 3 AY458037–AY458039
pb9 P. divaricata Belize G. Wellington 1 AY458040
pp18 p. sp Panama, Pacific G. Wellington 2 AY320289–AY320291
pp19 p. sp Panama, Pacific G. Wellington 3 1 AY320291–AY320293 FJ423991 FJ427393
pp47 p. sp Panama, Pacific G. Wellington 1 AY320295 FJ423992 FJ427394
pp48 p. sp Panama, Pacific G. Wellington 1 AY320294
r1 P. lobata Rarotonga G. Wellington 3 AY320313–AY320315
r4 P. lobata Rarotonga G. Wellington 3 AY320316–AY320318
r6 P. lobata Rarotonga G. Wellington 3 AY320319–AY320321
rus1 P. rus Tahiti B. Victor 2 AY458057–AY458058 FJ423993 FJ427395
rus2 P. rus Tahiti B. Victor 1 AY458059
t2 P. lobata Tahiti G. Wellington 3 AY320322–AY320324 FJ423994 FJ427396
t3 P. lobata Tahiti G. Wellington 3 AY320325–AY320327
t6 P. lobata Tahiti G. Wellington 3 AY320328–AY320330
wa3 Goniopora spp. Fiji C. Delbeek 1 FJ416593 FJ423995 FJ427397
wa4 P. cylindrica Fiji C. Delbeek 1 FJ416594 FJ423996 FJ427398
C = number of molecular clones, D = direct sequenced.
Table 1: Table of samples collected and GenBank Accession numbers (Continued)BMC Evolutionary Biology 2009, 9:45 http://www.biomedcentral.com/1471-2148/9/45
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ported reciprocally monophyletic groups). Clade XI con-
tained reciprocally monophyletic groups of P. sverdrupi
from Mexico, and P. panamensis from the Pacific coast of
Panama. Clade XII contained only P. colonensis from the
Atlantic coast of Panama.
Nuclear and mitochondrial data sets had a very similar
overall topology (Figure 3). The COI alignment consisted
of 638 sites, 38 of which were variable, and 22 were parsi-
mony informative. The 'putative control region' align-
ment had 293 sites, 41 of which were variable, and 13
were parsimony informative. A partition homogeneity
test indicated no significant differences between the mito-
chondrial and ITS data sets (missing and ambiguous char-
acters excluded, p = 0.349; included, p = 0.298). The ITS
tree had longer branch lengths, more significant groups,
and fewer polytomies than the mitochondrial tree. The
mitochondrial data supported many of the same clades as
the ITS data sets, although there was some discordance
between nuclear and mitochondrial trees, particularly
within Clade I. Clade I and II in the mitochondrial tree
were more consistent with divisions between branching
and mounding morphologies, although not reciprocally
monophyletic and not supported by NJ and MP trees (Fig-
ure 3). The mitochondrial data were unable to resolve P.
sp.2, P. lichen, and P. hawaiiensis, whereas the ITS data
showed deep divergence between the three taxa.
Discussion
In contrast to most molecular studies on corals, the
present study finds clear genetic breaks and deep diver-
gence between many congeneric species, which is likely to
Bayesian phylogenetic tree of the ITS data set Figure 1
Bayesian phylogenetic tree of the ITS data set. The sample identification code is followed by a dash and a clone number 
for cloned sequences; redundant sequences within an individual have been removed. Blue lines represent Pacific taxa and green 
lines represent Atlantic taxa. Colonies with branching morphology are highlighted in red. Specimens that were identified as P. 
solida, P. lutea and P. lobata are highlighted in light green, blue, and green respectively. Numbers above each node represent 
Bayesian posterior probability values; below left are NJ bootstrap values, below right are MP bootstrap values. Clade support 
values below 70, or those that do not include all molecular clones from an individual, are not shown.
asb1-1 P.sp 2 Samoa 
as35-3 P.sp2 Samoa 
asb1-2 P.sp 2 Samoa 
asb11-5 P.sp2 Samoa
as35-1 P.sp2 Samoa 
as35-5 P.sp2 Samoa 
asb11-7 P.sp2 Samoa
as35-2 P.sp2 Samoa 
asb11-4 P.sp2 Samoa 
asb11-1 P.sp2 Samoa 
asb11-8 P.sp2 Samoa 
asb11-6 P.sp2 Samoa 
asb11-9 P.sp2 Samoa
asb11-2 P.sp2 Samoa
as23-2 P.sp2 Samoa
asb11-10 P.sp2 Samoa
asb11-3 P.sp2 Samoa
b6-28 P.astreoides Belize 
b6-6 P.astreoides Belize 
br1-1 P.astreoides Brazil
br1-9 P.astreoides Brazil 
fg1-9 P.astreoides Texas
fg2 P.astreoides Texas 
fg1-8 P.astreoides Texas 
b62-9 P.astreoides Belize
fg1 P.astreoides Texas 
br6 P.astreoides Brazil
br1-8 P.astreoides Brazil
br6-1 P.astreoides Brazil 
br6-2 P.astreoides Brazil 
br4-2 P.astreoides Brazil 
br4-3 P.astreoies Brazil
p10-3 P.astreoides Panama
p2-5 P.astreoides Panama
p10-2 P.astreoides Panama
as29-2 P.lichen Samoa
as29-5 P.lichen Samoa
as30-1 P.lichen Samoa
as30-2 P.lichen Samoa
as30-3 P.lichen Samoa
as30-4 P.lichen Samoa
as30-5 P.lichen Samoa
hm20-1 P.hawaiiensis Maui
hm20-7 P.hawaiiensis Maui
hm20-2 P.hawaiiensis Maui
hm54-3 P.hawaiiensis Maui
hm20-3 P.hawaiiensis Maui
hm20-4 P.hawaiiensis Maui
hm20-5 P.hawaiiensis Maui
pb4-1 P.divaricata Belize
pb7-10 P.divaricata Belize
pb7-3 P.divaricata Belize
pb4-9 P.divaricata Belize
pb7-2 P.divaricata Belize
pb9-4 P.divaricata Belize
pb4-7 P.divaricata Belize
p1-5 P.furcata Panama
p1-6 P.furcata Panama
p1-7 P.furcata Panama 
bj2-1 P.sverdrupi Baja
bj2-3 P.sverdrupi Baja
bj4-1 P.sverdrupi Baja
bj4-4 P.sverdrupi Baja
bj7-1 P.sverdrupi Baja
bj7-2 P.sverdrupi Baja
bj7-3 P.sverdrupi Baja
pan75-1 P.panamensis Panama
pan75-3 P.panamensis Panama
pan75-2 P.panamensis Panama
col3-4 P.colonensis Panama
col1-1 P.colonensis Panama
col3-1 P.colonensis Panama
col1-2 P.colonensis Panama
wa3 Goniopora spp Fiji
100
100/100
-
84/-
100
100/100
100
100/86 100
100/100
100/100/100
100/99/100
100/85/77
100
95/77
-
75/-
100
100/100
100
100/100
100
100/100
100
100/100
100
87/96
96
72/91
VI
VII
VIII
IX
XI
X
XII
100/100/100
100
100/100
78
-/-
II
IV
asb4-11 P.solida Samoa 
asb7-1 P.solida Samoa 
asb15-1 P.solida Samoa 
a2-8 P.lobata Australia
fj62 P.lobata Fiji 
hm28 P.duerdeni Maui 
hm29 P.duerdeni Maui 
asb9-4 P.cylindrica Samoa 
dk2 P.duerdeni Oahu 
as43-1 P.cylindrica Samoa 
g66-2 P.lobata Galapagos
g7-6 P.lobata Galapagos 
wa4 P.cylindrica Fiji 
fj7-3 P.lobata Fiji 
g8-7 P.lobata Galapagos 
asb9-6 P.cylindrica Samoa
r1-1 P.lobata Rarotonga
fj4-2 P.lutea Fiji 
g75 P.lobata Galapagos
t2-3 P.lobata Tahiti 
t2-7 P.lobata Tahiti 
asb4-9 P.solida Samoa 
t64 P.lobata Tahiti 
a2-10 P.lobata Australia
t3-4 P.lobata Tahiti 
g3-28 P.lobata Galapagos
g66-3 P.lobata Galapagos
asb4-11 P.lutea Samoa 
asb16-8 P.solida Samoa 
l3-4 P.compressa Oahu 
t3-2 P.lobata Tahiti 
l4-2 P.lobata Oahu 
l9 P.compressa Oahu 
hm35 P.solida Maui 
l13 P.compressa Oahu 
l2 P.compressa Oahu 
hm19-1 P.annae Maui
l4-1 P.lobata Oahu 
hm99-2 P.lobata Maui 
hm19-2 P.annae Maui 
t63 P.lobata Tahiti 
a1-1 P.lobata Australia 
r49 P.lobata Rarotonga
a1-13 P.lobata Australia 
e121-25 P.lobata Easter Isl.
e20-2 P.lobata Easter Isl.
r12 P.lobata Rarotonga
r64 P.lobata Rarotonga
as18-3 P.solida Samoa 
as18-2 P.solida Samoa 
r66 P.lobata Rarotonga
e47-3 P.lobata Easter Isl.
e47-4 P.lobata Easter Isl.
g3-5 P.lobata Galapagos
g8-10 P.lobata Galapagos
e48-1 P.lobata Easter Isl.
as31-2 P.annae Samoa
as31-3 P.annae Samoa 
as32-2 P.annae Samoa
as32-3 P.annae Samoa 
as31-1 P.annae Samoa
l6-8 P.evermanni Oahu
pp18-9 P.sp Panama 
hm100-1 P.evermanni Maui  hm100-5 P.evermanni Maui 
hm100-2 P.evermanni Maui 
hm100-3 P.evermanni Maui 
hm100-4 P.evermanni Maui 
pp18-7 P.sp Panama 
pp19-4 P.sp Panama 
pp47-8 P.sp Panama
pp48-2 P.sp Panama
pp19-5 P.sp Panama 
pp19 P.sp Panama
pp19-6 P.sp Panama
l6 P.evermanni Oahu
l6-2 P.evermanni Oahu 
l6-5 P.evermanni Oahu 
l5 P.evemanni Oahu
as321 P.annae Samoa
l7 P.annae Oahu 
hm6 P.monticulosa Maui 
hm55 P.rus Maui 
rus1P.rus Tahiti 
hm56 P.brighami Maui 
asb36-3 P.lutea Samoa 
asb13-7 P.lutea Samoa 
asb3-11 P.lutea Samoa
asb7-1 P.lutea Samoa 
asb5-9 P.lutea Samoa 
asb6-6 P.lutea Samoa 
asb8-7 P.lutea Samoa
asb12-8 P.lutea Samoa
asb3-9 P.lutea Samoa
as36-5 P.lutea Samoa 
asb7-2 P.lutea Samoa 
asb6-7 P.lutea Samoa 
as36-1 P.lutea Samoa
asb13-4 P.lutea Samoa 
as36-4 P.lutea Samoa 
asb7-3 P.lutea Samoa 
asb8-5 P.lutea Samoa 
asb5-8 P.lutea Samoa
asb13-10 P.lutea Samoa 
asb12-3 P.lutea Samoa 
as17-1 P.lobata Samoa 
as17-2 P.lobata Samoa 
as17-3 P.lobata Samoa 
as17-9 P.lobata Samoa 
100
95/88
100
100/100
100/98/93
82
99/88
100
100/100
l4 P.lobata Oahu
cit P.compressa Oahu 
Acl P.lutea Taiwan
rus1-12 P.rus Tahiti 
rus2 P.rus Tahiti 
I
III
V
100
80/95
Morphology
Branching 
P.solida-like
P.lutea-like
P.lobata-like
Pacific
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Clade support:
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have resulted from taxonomic sampling across a compar-
atively broad range of evolutionary divergence, and geo-
graphic regions. The majority of genetic breaks are
consistent with morphospecies designations, with the
exception of three Pacific clades (Clade I, II and V) that
exhibit highly variable colony morphology. Several shal-
low Pacific clades contained both branching and mound-
ing varieties that were genetically indistinguishable.
Conversely, specimens that appeared very similar (match-
ing the species description of P. lutea) sorted into several
clades that were deeply genetically divergent.
Corallite-level traits appeared more broadly consistent
with genetic groups although these traits also exhibited
rapid evolution and high variability, particularly within
Clade I and between Clade I, II, and III. P. monticulosa and
P. rus are so distinct from other Porites at the corallite-
level, that Verrill [38] placed them into a separate subge-
nus (Synarea); therefore it was surprising that Clade III
was not more distantly related to other Porites, but it illus-
trates how evolutionarily labile corallite morphology can
be. Most molecular studies on corals have echoed similar
findings that skeletal morphology is a poor indicator of
underlying biodiversity. Morphology has been shown to
be deceiving from species to family levels [e.g. [35,3]].
Fukami et al. [3] found unexpected morphological conver-
gence at the family level that obscured deep divergence
between the Atlantic and Pacific. Although divergence was
deep between Atlantic and Pacific Porites, there was no
clustering by oceanic region observed in this study, per-
haps because the genus is ancient and was able to persist
through regional mass extinction, and can survive condi-
tions in the far Eastern Pacific, where few other corals
exist.
It is difficult to determine if the highly evolutionarily flex-
ible skeletal morphology observed in Clades I and II
results from hybridization, incipient speciation, polymor-
phism, phenotypic plasticity, or a combination thereof.
Discordance between the nuclear and mitochondrial data
within Clade I (Figure 3) could be due to hybridization
and nuclear introgression between several distinct mater-
nal lineages, or recent speciation and contrasting rates of
lineage sorting, or an artifact of differences in phyloge-
netic resolution among molecular markers. Hybridization
or incipient speciation would be expected to result in less
continuous trait variation than polymorphism or pheno-
typic plasticity. Vaughan [39] described 20 formae of P.
compressa and 6 formae of P. lobata. P. compressa formae
varied "continuously" from a semi-mounding form with
a knobby surface to long slender branches, and P. lobata
contained variation that was "enormous and bewilder-
ing". Although branching varieties in Clade I tend to occur
more frequently in shallow water, both morphotypes fre-
quently co-occur side-by-side in the same habitat. Further
work is necessary to determine if these morphologically
flexible clades represent hybrid or incipient species com-
plexes, or if skeletal morphology is phenotypically plastic
and/or a polymorphic trait maintained by natural selec-
tion in a heterogeneous environment.
This study represents important progress towards under-
standing the evolution and biodiversity of corals, and pro-
vides a foundation for future work. The genus Porites
provides an excellent study system; it is abundant and
ubiquitous in the tropics with an excellent fossil record,
and corallite level characters that are well suited for quan-
titative morphometric analysis [40,41]. Future corallite-
level morphometric work is likely to be highly informa-
tive about the nature of morphological variation observed
in Clade I and II, and provide a means to test various alter-
native hypotheses and provide insights into coral evolu-
tion and biodiversity. The phylogenetic work is also an
important starting point for studying the evolution of a
variety of traits; for example, it is interesting to note that
Clades I-V tend to contain broadcast spawning species
such as P. lobata, P. compressa, and P. cylindrica, while
Clades VI-XII tend to contain brooding species such as P.
astreoides,  P. porites, and P. hawaiiensis. This study also
SEM images of Porites corallites Figure 2
SEM images of Porites corallites. A. P. compressa 
(Hawaii); B. P. solida (Hawaii); C. P. lobata (Hawaii, syntype 
Bishop Museum SC454); D. P. lutea (Marshall islands, Bishop 
Museum SC1329); E. P. sp (Panama); F. P. evermanni (Hawaii).
D
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raises questions about the endemic status of several spe-
cies, and demonstrates that patterns of biodiversity in this
group are not as they appear and are in need of reevalua-
tion. The range of P. evermanni may extend beyond
Hawaii, because genetically indistinguishable and mor-
phologically similar corals were found in Panama. Like-
wise, the Hawaiian endemics, P. compressa and P. duerdeni,
were not genetically distinct and are morphologically very
similar to more widespread branching species (P. cylin-
drica and P. annae). The putative new species P. sp2. is one
of the most common varieties in American Samoa, but it
was not previously known if it was genetically distinct.
This study demonstrates that our understanding of coral
biodiversity may be obscured by deceptive patterns of
morphological variation.
Conclusion
Untangling the coral 'species problem' will require a vari-
ety of tools and multiple lines of evidence. Here, we dem-
onstrate that integration of taxonomy with analysis of
multiple molecular markers reveals cryptic patterns of
species diversity within the genus Porites. Cytochrome c
oxidase subunit 1 (COI) has very low levels of polymor-
phism and has limitations as a useful tool for delimitating
coral species [42]; however, it was informative when com-
bined and compared in a multiple marker approach. The
Bayesian phylogenetic tree of ITS and mitochondrial sequences Figure 3
Bayesian phylogenetic tree of ITS and mitochondrial sequences. Blue lines represent Pacific taxa and green lines rep-
resent Atlantic taxa. Colonies with branching morphology are highlighted in red. Specimens that match the species descriptions 
of P. solida, P. lutea and P. lobata are highlighted in light green, blue, and green respectively. Numbers above each node represent 
Baysian posterior probability values; below left are NJ bootstrap values, below right are MP bootstrap values. Clade support 
values below 70 are not shown.
 as35 P.sp.2 Samoa
as30 P.lichen Samoa
as29 P.lichen Samoa
as36 P.lutea Samoa 
l2 P.compressa Oahu
hm19 P.annae Maui 
hm29 P.duerdeni Maui 
as43 P.cylindrica Samoa
l3 P.compressa Oahu 
p2 P.astreoides Panama
pan75 P.panamensis Panama
colp3 P.colonensis Panama
 hm54 P.hawaiiensis Maui
hm20 P.hawaiiensis Maui 
wa3 Goniopora spp. Fiji 
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0.05
100
88/84
100 
96/95
99 
97/93
82
-/87
0.001
br6 P.astreoides Brazil 100 
90/90
rus1 P.rus  Tahiti 
 hm55 P.rus Maui 
l6 P.evermanni Oahu 
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pp47 P.sp Panama 
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as32 P.annae Samoa 
e47 P.lobata Easter Isl. 
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hm35 P.solida Maui 
100
80/84
97-/-
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78/-
l4 P.lobata Oahu 
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wa4 P.cylindrica Fiji 
hm28 P.duerdeni Maui  90/-/-
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c1 P.compressa Oahu
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ITS region was particularly informative in this genus, and
can be a valuable tool for elucidating patterns of evolution
and biodiversity in corals. Since coral ecosystems are
increasingly threatened, there is a need to characterize and
understand coral species in terms of interbreeding groups
as opposed to nominal morphological units. Our
approach shows that morphological characters previously
thought capable of delineating species must be reexam-
ined to accurately understand patterns of evolution, ende-
mism, and biodiversity in reef-building coral. Species
definitions based solely on evolutionarily labile, poly-
morphic, or phenotypically plastic traits are likely to be
misleading and confound attempts to identify, under-
stand, and conserve coral biodiversity or to recognize its
loss.
Methods
Samples were collected by, or in consultation with indi-
viduals who are considered to be taxonomic authorities
for a given geographic region. Voucher specimens were
compared to museum type specimens and original species
descriptions when possible. Sample identifications gener-
ally followed Veron [4]; however, since misidentification
is a major problem in this genus, identifications should be
considered tentative until the genus is revised, or until
morphometric analysis (e.g. [40,41]) can verify similarity
to type specimens. Voucher specimens and photographs
are available upon request. Scanning electron microscope
(SEM) images were obtained to examine selected samples
of interest in further detail. Voucher collection, DNA
extraction, PCR, cloning and sequencing methods were
followed as described previously [21,23]. All samples
were sequenced in both the forward and reverse direc-
tions. Several new primers were designed for this study
with the aid of Primer 3 v 0.4.0 [43]. The primers amplify
the cytochrome c oxidase subunit I mitochondrial gene
(ZCO1 5'-TCA ACT AAT CAT AAA GAT ATT GGT ACG-3',
ZCO1R 5'-TAA ACC TCT GGA TGC CCA AA-3') and the
nuclear ribosomal ITS region (ITSZ1 5'-TAA AAG TCG
TAA CAA GGT TTC CGT A-3', ITSZ2 5'-CCT CCG CTT ATT
GAT ATG CTT AAA T-3'). The "putative mitochondrial
control region" was amplified with primers from Volmer
& Palumbi [6]. Sample locations, collector, and GenBank
accession numbers are listed in Table 1; AY320289–
AY320352, AY322575–AY322612, and AY458021–
AY458063, were from previous work [23]. Two hundred
and eighty four sequences were cloned and twenty-three
sequences were direct sequenced from 91 individual coral
colonies (there were few nucleotide differences between
sequences that were cloned or direct sequenced from the
same coral colony), averaging 3.4 sequences per individ-
ual. The mitochondrial markers had very low levels of pol-
ymorphism and did not amplify well in all samples,
therefore only a few representative individuals were
sequenced from each ITS group.
Phylogenetic Analysis
The ITS sequences were aligned using the default parame-
ters in MUSCLE v3.6 [44]. Gaps were coded as present or
absent using the 'simple' gap coding method employed in
GapCoder v1.0 [45]. Preliminary analysis (not shown)
indicated that including coded gaps slightly increased
bootstrap support for some deeper clades, with no major
changes in topology. The complete ITS data set was run for
10 million generations in MrBayes 3.1.2 [46], until the
standard deviation of the split frequencies was below
0.01, with a burn-in period of 2.5 million generations.
Neighbor Joining (NJ), and Maximum Parsimony (MP)
trees were generated in PAUP*4.01b.10 [47] with 1000
bootstrap replicates. NJ trees used the BioNJ method with
the ML distance model selected in Modeltest V.3.7 [48].
ML models were selected by the Akaike information crite-
rion for the nuclear (GTR+I+G) and mitochondrial
(K81uf+G) partitions. In order to compare ITS and mito-
chondrial data sets, inclusive consensus sequences of all
ITS molecular clones for 36 individuals that were success-
fully sequenced for both mitochondrial gene regions were
generated in BioEdit v7.0.5.2 [49]. The three data parti-
tions were concatenated, and compared using the incon-
gruence length difference (ILD) test, implemented as
partition homogeneity in PAUP*4.01b.10 [47]. The TBR
branch swapping method was used with 1000 replica-
tions, random addition for 3 replicates, nchuck = 2,
chuckscore = 1. Nuclear and mitochondrial data parti-
tions were each run for 2 million generations in MrBayes
3.1.2 [46], with a burn-in of 5 hundred thousand genera-
tions. MEGA 4.0 [50] was used to estimate pair-wise
genetic distance and to visualize phylogenetic trees.
Authors' contributions
ZF designed and conceived of the study, performed the
genetic analysis and drafted the manuscript. ZF and DB
collected the genetic data, DB, CH, and RT helped draft
the manuscript. All authors read and approved the final
manuscript.
Acknowledgements
We thank all who have contributed tissue samples, and L. Eldredge, C. Bir-
keland, D. Fenner, C. Pitman, J.C. Delbeek, S. Keeley, P.A. Reath, B. Bowen, 
J. Maragos, and A.C. Baker, and to M. Helberg and four anonymous review-
ers for helpful comments. Samples from Hawaii were collected under 
Department of Land and Natural Resources permit SAP 2005-26. This pub-
lication is a result of funding from the National Oceanic and Atmospheric 
Administration, Center for Sponsored Coastal Ocean Research, under 
awards # NA04NOS4260172 to the University of Hawaii for the Hawaii 
Coral Reef Initiative.
References
1. Muko S, Kawasaki K, Sakai K, Tasku F, Sigesada N: Morphological
plasticity in the coral Porites sillimani and its adaptive signifi-
cance.  Bull Mar Sci 2000, 66:225-239.
2. Todd P: Morphological plasticity in scleractinian corals.  Biol rev
2008, 83:315-337.BMC Evolutionary Biology 2009, 9:45 http://www.biomedcentral.com/1471-2148/9/45
Page 9 of 9
(page number not for citation purposes)
3. Fukami H, Budd AF, Paulay G, Sole-Cava A, Chen CA, Iwao K, Knowl-
ton N: Conventional taxonomy obscures deep divergence
between Pacific and Atlantic corals.  Nature 2004, 427:832-832.
4. Veron JEN: Corals of the World Volume 3. Edited by: Stafford-Smith M.
Townsville, Australia: Australian Institute of Marine Science; 2000. 
5. Willis BL, van Oppen MJH, Miller DJ, Vollmer SV, Ayre DJ: The Role
of Hybridization in the Evolution of Reef Corals.  An Rev Ecol
Evol and Syst 2006, 37:489-517.
6. Vollmer S, Palumbi SR: Hybridization and the Evolution of Reef
Coral Diversity.  Science 2002, 296:2023-2025.
7. van Oppen MJH, Willis BL, Miller DJ: Atypically low rate of cyto-
chrome b evolution in the scleractinian coral genus Acro-
pora.  Proc Biol Sci 1999, 266(1415):179-183.
8. Shearer TL, van Oppen MJ, Romano SL, Worheide G: Slow mito-
chondrial DNA sequence evolution in the Anthozoa (Cni-
daria).  Mol Ecol 2002, 11(12):2475-2487.
9. Alvarez I, Wendel JF: Ribosomal ITS sequences and plant phyl-
ogenetic inference.  Mol Phylogenet Evol 2003, 29(3):417-434.
10. Hibbett DS: Ribosomal RNA and fungal systematics.  Trans
Mycol Soc Jpn 1992, 33:533-556.
11. Hunter CL, Morden CW, Smith CM: The utility of ITS sequences
in assessing relationships among zooxanthellae and corals.
Proc 8th Int Coral Reef Symp 1997:1599-1602.
12. Lopez JV, Knowlton N: Discrimination of species in the Montas-
traea annularis complex using multiple genetic loci.  Proc 8th
Int Coral Reef Symp 1997:1613-1618.
13. Odorico DM, Miller DJ: Variation in the ribosomal internal
transcribed spacers and 5.8S rDNA among five species of
Acropora (Cnidaria;Scleractinia): patterns of variation con-
sistent with reticulate evolution.  Mol Biol Evol 1997, 14:465-473.
14. Takabayashi M, Carter DA, Loh WK, Hoegh-Guldberg O: A coral-
specific primer for PCR amplification of the Internal Tran-
scribed Spacer region in ribosomal DNA.  Mol Ecol 1998,
7:928-30.
15. Takabayashi M, Carter DA, Ward S, Hoegh-Guldberg O: Inter-and
intra-specific Variability in Ribosomal DNA Sequence in the
Internal Transcribed Spacer region of corals.  Proc of the Aust
Coral Reef Soc 75 Ann Conf 1998:241-248.
16. Medina M, Weil E, Szmant AM: Examination of the Montastrea
annularis species complex (Cnidaria:Scleractinia) using ITS
and COI sequences.  Mar Biotechnol (NY) 1999, 1:89-97.
17. van Oppen MJH, Willis BL, van Vugt HWJ, Miller DJ: Examination
of species boundaries in the Acropora cervicornis group (Scle-
ractinia, Cnidaria) using nuclear DNA sequence analyses.
Mol Ecol 2000, 9:1363-1373.
18. van Oppen MJH, Willis B, van Rheede T, Miller DJ: Spawning times,
reproductive compatibilities and genetic structuring in the
Acropora aspera group: evidence for natural hybridization
and semi-permeable species boundaries in corals.  Mol Ecol
2002, 11:1363-1376.
19. Diekmannn OE, Bak RPM, Stam WT, Olsen JL: Molecular genetic
evidence for probable reticulate speciation in the coral
genus Madracis from a Caribbean fringing reef slope.  Mar Biol
2001, 139:221.
20. Rodriguez-Lanetty M, Hoegh-Guldberg O: The phylogeography
and connectivity of the latitudinally widespread scleractinian
coral Plesiastrea versipora in the Western Pacific.  Mol Ecol
2002, 11:1177-1189.
21. Forsman ZH: Phylogeny and phylogeography of Porites and
Siderastrea (Scleractinia: Cnidaria) species in the Caribbean
and Eastern Pacific; based on the nuclear ribosomal ITS
region.  In PhD Dissertation University of Houston; 2003. 
22. Forsman ZH, Chen CA, Fox GE, Wellington GM: An ITS region
phylogeny of Siderastrea  (Cnidaria:Anthozoa): is S. glynni
endangered or introduced?  Coral Reefs 2005, 24:3.
23. Forsman ZH, Wellington GM, Hunter CL, Fox GE: Is the ITS
region the solution to the 'species problem' in corals?
Intragenomic variation, and alignment permutation in
Porites, Siderastrea and outgroup taxa.  10th Int Coral Reef Symp
2006:14-23.
24. Marquez L, Miller D, MacKenzie J, van Oppen MJH: Pseudogenes
contribute to the extreme diversity of nuclear ribosomal
DNA in the hard coral Acropora.  Mol Biol Evol 2003,
20(7):1077-1086.
25. Lam K, Morton B: Morphological and ITS1,5.8S, and partial
ITS2 ribosomal DNA sequence distinctions between two
species of Playtygyra  (Cnidaria: scleractina) from Hong
Kong.  Mar Biotechnol (NY) 2003, 5(6):555-567.
26. Chen CA, Chang CC, Wei NV, Chen CH, Lein YT, Lin HE, Dai CF,
Wallace CC: Secondary structure and phylogenetic utility of
the ribosomal internal transcribed spacer 2 (ITS2) in Scler-
actinian corals.  Zoological Studies 2004, 43(4):759-77.
27. Fukami H, Budd AF, Levitan DR, Jara J, Kersanach R, Knowlton N:
Geographic differences in species boundaries among mem-
bers of the Montastrea annularis complex based on molecular
and morphological markers.  Evolution 2004, 58(2):234-337.
28. Flot J, Tillier S: Molecular phylogeny and systematics of the
scleractinian coral genus Pocillopora in Hawaii.  Proc of 10th Int
Coral Reef Symp 2006:24-29.
29. Wei NV, Wallace CC, Dai CF, Pillay RM, Chen CA: Analyses of the
Ribosomal Internal Transcribed Spacers (ITS) and the 5.8S
Gene Indicate that Extremely High rDNA Heterogeneity is
a Unique Feature in the Scleractinian Cora Genus Acropora
(Scleractinia;Acroporidae).  Zoological Studies 2006,
45(3):404-418.
30. Coleman AW: ITS2 is a double-edged tool for eukaryote evo-
lutionary comparisons.  Trends Genet 2003, 19:370-375.
31. Coleman AW: Pan-eukaryote ITS homologies revealed by
RNA secondary structure.  Nucleic Acids Res 2007,
35(10):3322-3329.
32. Hillis DM, Dixon MT: Ribosomal DNA: Molecular Evolution
and Phylogenetic Inference.  Q Rev Biol 1991, 66(4):411-453.
33. Elder JF, Turner BJ: Concerted evolution of repetitive DNA
sequences in eukaryotes.  Q Rev Biol 1995, 70:297-320.
34. Vollmer S, Palumbi SR: Testing the utility of ITS sequences in
coral.  Mol Ecol 2004, 13(9):2763-2772.
35. van Oppen MJH, McDonald BJ, Willis B, Miller DJ: The evolutionary
history of the coral genus Acropora (Scleractinia, Cnidaria)
based on a mitochondrial and nuclear marker: reticulation,
incomplete lineage sorting or morphological convergence?
Mol Biol Evol 2001, 18:1315-1329.
36. Bernard HM: The species problem in corals.  Nature 1902,
65:560.
37. Fenner D: Corals of Hawaii. A field guide to the hard, black and soft corals
of Hawaii and the Northwest Hawaiian Islands, including Midway Mutual
Publishing, Honolulu, Hawaii; 2005. 
38. Verrill AE: List of the polyps and corals sent by the Museum of
Comparative Zoölogy to other institutions in exchange, with
annotations.  Bull of the Mus of Comp Zoölogy at Harvard College 1864,
1:29-60.
39. Vaughan TW: Recent madreporaria of the Hawaiian Islands and Laysan.
Smithsonian Bull 59 1907.
40. Weil EF: Genetic and morphological variation in Caribbean
and eastern Pacific Porites (Anthozoa, Scleractinia), prelimi-
nary results.  Proc 7th Int Coral Reef Sym. Guam :643-656.
41. Jameson SC: Morphometric analysis of the Poritidae (Antho-
zoa:Scleractina) off Belize.  Proc 8th Int Coral Reef Sym Panama
:1591-1596.
42. Shearer TL, Coffroth MA: Barcoding corals: limited by interspe-
cific divergence, not intraspecific variation.  Mol Ecol Res 2008,
8(2):247-255.
43. Rozen S, Skaletsky H: Primer3 on the WWW for general users
and for biologist programmers.  In Bioinformatics Methods and Pro-
tocols: Methods in Molecular Biology Edited by: Krawetz S, Misener S.
Humana Press, Totowa, NJ; 2000. 
44. Edgar RC: MUSCLE: multiple sequence alignment with high
accuracy and high throughput.  Nucleid Acids Res 2004,
32(5):1792-1797.
45. Young ND, Healy J: GapCoder automates the use of indel char-
acters in phylogenetic analysis.  BMC Bioinformatics 2003, 4:1-6.
46. Hulsenbeck JP, Ronquist F: MRBAYES: Bayesian inference of
phylogenetic trees.  Bioinformatics 2001, 17:754-755.
47. Swofford DL: PAUP: Phylogenetic Analysis Using Parsimony,
version 4.0b10.  Sinauer Associates 2004.
48. Posada D, Crandall KA: Modeltest: testing the model of DNA
substitution.  Bioinformatics 1998, 14(9):817-818.
49. Hall TA: BioEdit: a user-friendly biological sequence align-
ment program for Windows 95/98/NT.  Nucl Acids Symp 1999,
41:95-98.
50. Tamura K, Dudley J, Nei M, Kumar S: MEGA4: Molecular Evolu-
tionary Genetics Analysis (MEGA) software version 4.0.  Mol
Biol Evol 2007, 24(8):1596-1599.